ABSTRACT. Corrosion of aluminum in 0.1 M HCl solution in the absence and presence of β-blocker inhibitors (atenolol, propranolol, timolol and nadolol) was investigated using weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques. The inhibition efficiency increased with inhibitor concentration and decreased with rise of temperature. Potentiodynamic polarization curves revealed that they acted as cathodic inhibitors. Some thermodynamic parameters were calculated and discussed. All inhibitors were adsorbed on Al surface obeying Frumkin isotherm. All EIS tests exhibited one capacitive loop which indicates that the corrosion reaction is controlled by charge transfer process. The inhibition efficiencies of all test methods were in good agreement.
INTRODUCTION
Aluminum and its alloys are widely used in many industries such as reaction vessels, pipes, machineries and chemical batteries because of their advantages. They have excellent durability and corrosion resistance, but, like most materials, their behavior can be influenced by the way in which they are used. HCl solutions are used for pickling, chemical and electrochemical etching of aluminum. It is very important to add inhibitors to decrease the corrosion rate of aluminum in such solutions. Numerous organic substances containing polar functions with nitrogen, oxygen, and/or sulphur atoms in a conjucated system have been reported to exhibit good inhibiting properties. [1] [2] [3] [4] [5] Aliphatic and aromatic amines as well as nitrogen heterocyclic compounds were studied as corrosion inhibitors for dissolution of Al in acidic media. [6] [7] [8] [9] [10] [11] [12] [13] [14] Generally, it has been assumed that the first stage in the action mechanism of the inhibitors in aggressive acid media is the adsorption of the inhibitors onto the metal surface. The processes of adsorption of inhibitors are influenced by: i-the nature and surface charge of the metal ii-the chemical structure of organic inhibitors iii-the distribution of charge in the molecule ivthe type of aggressive electrolyte and iiv-the type of interaction between organic molecules and the metal surface.
The objective of the present investigation is just to investigate the effect of the investigated drugs on the corrosion behavior of aluminum in HCl solution. These inhibitors are nontoxic, relatively cheap and easy to produce in purities with proportion of more than 99% and they are rich in donating atoms such as N-, O-and S-atoms.
EXPERIMENTAL Materials
The chemical composition of aluminum species (weight 269 %) is: 0.10 Si, 0.25 Fe, 0.047 Mn, 0.007 Mg, 0.002 Ni, 0.008 Cr, 0.003 Zn, 0.012 Ga, 0.001 Na, 0.007 V, 0.001 Zr, 0.007 Ti and balance Al.
Inhibitors
The following four β-blocker drugs (atenolol, propranolol, timolol and nadolol) were kindly provided from Misr Pharmaceuticals and Chemical Industries Company, Egypt and were used as received without further purification.
Solutions
Stock solutions (10 -3 M) of these drugs were prepared by dissolving the appropriate weight of each drug separately in bidistilled water in 100 ml measuring flask. The aggressive solutions (HCl) were made of analytical reagent grade 37%. Stock solution of the acid (2 M) was prepared using bidistilled water and this concentration was checked using standard solution of Na 2 CO 3 .
Corrosion rate measurement
Chemical technique (Weight loss method): Aluminum sheets were cut into 2×2×0.1 cm. They were mechanically polished with emery paper (a coarse paper was used initially and then progressive fine grades were employed). They were ultrasonically degreased in alkaline degreasing mixture (15 grams Na 2 CO 3 + 15 grams Na 3 PO 4 per liter) 15 washed with bidistilled water and finally dried between filter papers and also weighed. Previously weighed aluminum samples were each suspended in a 100 ml beaker containing the test solution with and without the inhibitors for duration of 24 hours, with the help of glass rods and glass hooks. After the test, the samples were removed, washed with bidistilled water, dried as before and weighed again using an analytical balance (precision ± 0.1 mg). Experiments were carried out in triplicate and the data reported here represents the average value of the three tests. The weight loss of the metal in the corrosive solution is given by:
where W 1 and W 2 are the weights of the metal before and after exposure to the corrosive solution, respectively. The percentage inhibition efficiency (% IE) and the degree of surface coverage (θ) of the investigated compounds were calculated from equations:
where ∆W free and ∆W inh are the weight losses of metal per unit area in the absence and presence of inhibitor at given time period and temperature, respectively. Electrochemical techniques [potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques]: The working electrode was prepared from aluminum rod, inserted in a Teflon tube and isolated with Araldite so that a circular cross-section (0.785 cm 2 ) only was exposed. Prior to every experiment, the electrode was polished with successive different grades of emery paper, degreased with alkaline solution and rinsed by bidistilled water.
Measurements were carried out in a three-compartment electrochemical cell. The counter electrode was a platinum sheet of large surface area. The reference electrode was a saturated calomel electrode (SCE) to which all potentials are referred. The SCE was connected to the main compartment via a Luggin capillary. The cell was water-jacketed and was connected to an ultra thermostat at 25 o C. The electrode potential was allowed to stabilize for 60 mins before starting the measurements. For potentiodynamic polarization measurements the corrosion current density (j corr ) was determined as being a measure of corrosion rate. Stern-Geary method 17 used for the determination of corrosion current was performed by extrapolation of anodic and cathodic Tafel lines. Then j corr has been used for calculation of inhibition efficiency and surface coverage (θ) as follows:
where j corr(free) and j corr(inh) are the corrosion current densities in the absence and presence of inhibitor, respectively. The potentiodynamic current-potential curves were recorded by changing the electrode potential automatically from -1500 to 500 mV with scanning rate 5 mVs -1 . All measurements were conducted using an electrochemical measurement system (VoltaLab 21) comprised of a PGZ 100 potentiostat, a PC and Voltamaster 4 version 7.08 software for calculations. All the experiments were carried out at 25±1 o C by using ultracirculating thermostat and solutions were not deaerated to make the conditions identcial to weight loss measurements. The procedure adopted for the polarization measurements was the same as described elsewhere.
19 Each polarization was run three times and corrosion potentials and corrosion currents were reproducible within ± 5 mV and ± 1 µA cm -2 , respectively. The AC impedance measurements were carried out in the frequency range 10
-5×10
-1 Hz with amplitude 10 mV peak-to-peak using ac signals at the open potential circuit. All measurements were carried out using potentiostat/galvanostat Gamry PCI 300/4 connected to computer. A corrosion software model EIS 300 was employed. The experimental impedance was analyzed and interpreted on the basis of the equivalent circuit. All chemicals were of analytical grade. The measurements were performed in 0.1 M HCl with or without the investigated β-blocker drugs in the concentration range (2 ×10 -6 to 12×10 -6 M). The names and molecular structures of the investigated β-blocker drugs are:
RESULTS AND DISCUSSION
Weight loss measurements Fig. 1 showed the weight loss-time curves for the corrosion of aluminum in 0.1 M HCl in the absence and presence of different concentrations of atenolol at 25±1 o C. Curves for the other compounds were similar (not shown). According to this figure, by increasing the concentration of atenolol, the weight loss of aluminum samples will be decreased. This means that the presence of atenolol retards the corrosion of aluminum in HCl or in other words, atenolol acts as inhibitor. The linear variation of weight loss with time in uninhibited and inhibited acid indicated the absence of insoluble surface films during corrosion.
Obtained values of % IE were given in Table 1 , the order of inhibition efficiency of the investigated compounds is as follows: atenolol > propranolol > timolol > nadolol.
Adsorption isotherm
The nature of inhibitor interaction on the corroding surface during corrosion inhibition of metals and alloys has been deduced in terms of adsorption characteristics on the inhibitor. 20 The surface coverage (θ) data are very useful when discussing the adsorption characteristics. Assuming no change in the mechanism of hydrogen evolution reaction (HER) and aluminum dissolution, the surface coverage of each inhibitor at a given concentration can be calculated from equations 3 & 5. The plot of θ vs.log C for all investigated compounds gave an S-type curve ( Fig. 2 ) characteristic of the Frumkin adsorption isotherm 21 as given by:
where K a is the equilibrium constant of adsorption and f is another constant. The constant K a is related to the standard 
The value of 55.5 is the concentration of water in solution expressed in M L -1 . Fig. 3 gathers the cathodic and anodic polarization curves of aluminum in free acid and in the presence of atenolol at different concentrations. Similar curves were obtained for other compounds (not shown). The collected electrochemical parameters values of corrosion potential (E corr ), anodic Tafel slope (β a ,), the corrosion current density (j corr ), the degree of surface coverage (θ) and the inhibition efficiency (% IE) are presented in Table 2 . The data in Table 2 showed that the anodic Tafel slope remained almost unchanged for inhibited and uninhibited systems, indicating that the inhibitive action of these drugs was due to adsorption of these inhibitor molecules on the cathodic active sites. In this case, anodic dissolution of aluminum was suppressed without changing its mechanism. The values of (E corr ) were shifted to the cathodic direction by increasing the inhibitor concentration, indicating cathodic control mechanism. The value of (j corr ) decreases with the increase of inhibitor concentration which associated with an increase in % IE.
Potentiodynamic polarization
These results showed that the inhibition efficiency of these inhibitors was depending on the electrode potential; then, the tested compounds were acting predominantly as cathodic inhibitors. The limitation of inhibitory action on cathodic domain is found by different researchers. [22] [23] [24] [25] In this case, the inhibition is generally interpreted by the formation of a protective layer of adsorbed inhibitor species at the electrode surface.
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The order of inhibition efficiency of the investigated compounds is as follows: atenolol > propranolol > timolol > nadolol. This is also in agreement with the observed order of corrosion inhibition by the weight loss method.
Effect of temperature and activation parameters of inhibition process
The influence of temperature on the corrosion rate of aluminum in 0.1 M HCl in the absence and presence of 2 × 10 -6 M of the investigated compounds was investigated by the potentiodynamic polarization technique in temperature range (30-60 o C). The dependence of corrosion current density on the temperature can be expressed by Arrhenuis equation:
where A is the pre-exponential factor and E a * is the apparent activation energy of the corrosion process. Arrhenuis Fig. 5 . Values of E a were determined by regression between log k (corrosion rate) versus (1/T) and given in Table 3 .
Values of E a * denote the energy barrier for the chemical reaction, and lower E a * values means lower energy barrier for the aluminum corrosion. 27 Enthalpy and entropy of activation (∆H * , ∆S * ) of the corrosion process were calculated from the transition state theory (Table 3) :
where h is Planck's constant and N is Avogadro's number. A plot of log (corrosion rate/ T) vs. 1/ T gave straight lines as shown in Fig. 5 , for aluminum in 0.1 M HCl at 2×10 -6 M investigated compounds. Values of ∆H * showed the same trend as that observed in E a * values. The values of entropy of activation were large and negative. This implies that the activated complex represents association rather than dissociation, indicating that a decrease in disorder takes place, going from reactants to the activated complex.
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The order of inhibition efficiency of the investigated compounds as gathered from the increase in E a * and ∆H
* ads
values and decrease in ∆S * ads values, is as follows: atenolol > propranolol > timolol > nadolol.
Electrochemical impedance spectroscopy measurements
The influence of different concentrations of atenolol drugs on impedance spectra of aluminum in 0.1 M HCl solution at E oc and at 25 o C is shown in Fig. 6 . These were analyzed by fitting the experimental data to a simple equivalent circuit model shown below, which includes the solution resistance R s and the double layer capacitance C dl which is placed in parallel to the charge transfer resistance R ct . The impedance parameters derived from these investigations were mentioned in Table 4 . In most cases, the obtained Nyquist impedance diagrams do not show perfect semi- Journal of the Korean Chemical Society circle, generally attributed to the frequency dispersion 29 of interfacial impedance. This anomalous phenomenon is interpreted by the inhomogeneity arising from surface roughness or interfacial phenomena. 30, 31 As the obtained impedance diagram has a semicircle appearance, it showed that the corrosion of aluminum is mainly controlled by a charge transfer process. The data revealed that, each impedance diagram consists of a large capacitive loop with low frequency dispersion (inductive arc). This inductive arc is generally attributed to anodic adsorbed intermediates controlling the anodic process. [32] [33] [34] [35] To follow this, inductive arc will be disregarded. The impedance diagrams in absence and presence of different concentrations of inhibitors, showed the same trend (one capacitive loop); however, the diameter of this capacitive loop increased with increasing concentration. In addition to the high frequency capacitive loop, the semicircles were rolled over and extended to the fourth quadrant, and the pseudo-inductive loop at low frequency end was observed, indicating that Faradic process is taking place on the free electrode sites. This inductive loop is generally attributed to the adsorption of species resulting from the aluminum dissolution and the adsorption of hydrogen. 36 The main parameters deduced from the analysis of Nyquist diagrams were the charge transfer resistance (R ct ). These parameters were calculated from the difference in impedance at lower and higher frequencies, the double layer capacitance (C dl ) and the frequency at which the imaginary component of the impedance is maximal (-Z max ) were found as presented in equation: (10) In fact, the presence of the investigated drugs led to decreasing the values of C dl due to the decrease of the local dielectric constant and/or from the increase of thickness of the electrical double layer. 37 It was suggested that the inhibitor molecules were functioned by adsorption at the metal / solution interface. Thus, the decrease in C dl values and the increase in R ct values and consequently, the inhibition efficiency may be reported as the gradual replacement of water molecules (volumes of the water molecules is 27.2 A 3 ) by the adsorption of the inhibitor molecules from the metal surface, and by decreasing the extent of dissolution reaction. In the Bode plot the high frequency limits corresponded to the solution resistance R s . The low frequency limit referred to the sum of R s and R ct , which is generally determined by both the electronic or ionic conductivity of the surface film and polarization resistance. The phase angle against log f plot showed the phase angle dropping zero at high and low frequencies, corresponding to the resistive behavior of R s and (R s + R ct ).
The inhibition efficiency and the surface coverage (θ) obtained from the impedance measurements were defined by the following relations: where R o ct and R ct are the charge transfer resistance in the absence and presence of inhibitor, respectively. The % IE obtained from EIS measurements were close to those deduced from polarization and weight loss methods. The order of inhibition efficiency obtained from EIS measurements is as follows: atenolol > propranolol > timolol > nadolol.
Mechanism of corrosion inhibition with these drugs
By knowing this mechanism of aluminum dissolution in HCl, the adsorption mechanism of investigated drugs on positive charged Al surface can be predicted. The mechanism of anodic dissolution of Al follows the following steps:
The cathodic hydrogen evolution reaction follows the following steps:
The cationic form of investigated drugs can interact with AlCl -ads species formed in step (13a). The cationic form of investigated drugs can also be adsorbed on the cathodic sites of Al in competition with the hydrogen ions (step 13c), also, these compounds may be adsorbed on Al surface via the negatively charged centers in the molecules and via the π bonds of the aromatic systems of the positively charged Al surface. This enhances the % IE to great extent. Similar results have been observed before.
38 Skeletal representation of the mode of adsorption of the investigated compounds on aluminum surface was shown in Fig. 8 , According to this figure, there are only three adsorption active centers (two oxygen atoms and one N atom) in the similar part in all molecules. So the type and structure of R are the effective parts. Atenolol contains one more active centre (N atom of NH 2 ) and it lies flat on the aluminum surface, so, most of surface area will be covered and hence, more inhibition efficiency is observed. Propranolol has naphathayl ring which rotates around the bond of C----O and covers most of the surface area but less than atenolol. Timolol and nadolol are adsorbed on aluminum surface through the three active centers (two oxygen atoms and one N atom) and the remainder part of molecules may be lies perpendicular on aluminum surface, so a little part of the surface area will be covered and also the presence of t-methyl group in these molecules will cause a steric hindrance for the adsorption of these molecules on Al surface and hence lower inhibition efficiency was obtained, so both timolol and nadolol come after atenolol and propranolol in inhibition efficiency.
Quantum chemical parameters of investigated compounds
The E HOMO indicates the ability of the molecule to donate electrons to an appropriated acceptor with empty molecular orbital and E LUMO indicates its ability to accept electrons. The lower the value of E LUMO , the more ability of the molecule is to accept electrons. 39 While, the higher is the value of E HOMO of the inhibitor, the easer is its offering electrons to the unoccupied d-orbital of metal surface and the greater is its inhibition efficiency. The calculations listed in Table 5 showed that the highest energy E HOMO is assigned for the atenolol, which is expected to have the highest corrosion inhibition among the investigated compounds. The presence of methoxy group stabilizes the HOMO level which is most observed in the case of atenolol Table 5 . Therefore, it has the greatest tendency to adsorb on the metal surface and accordingly has the highest inhibition efficiency. This expectation is in a good agreement with the experimental observations suggesting the highest inhibition efficiency for atenolol among the other investigated inhibitors Table 5 . The propranolol has lower E HOMO value than that of atenolol which is probably due to the effect of Cl group. So, it is expected that -OCH 3 containing compounds have higher inhibition efficiency than -Cl and -COOH containing compounds. Furthermore, the HOMO level is mostly localized on the two benzene moiety, imino and hydroxyl groups indicating that the preferred sites for electrophilic attack at the metal surface are through the nitrogen and oxygen atoms (Fig. 9 ). This means that the two benzene moiety with high coefficients of HOMO density was oriented toward the metal surface and the adsorption is probably occurred through the p-electrons of the two benzene moiety and the lone pair of nitrogen and oxygen. It was found that the variation of the calculated LUMO energies among all investigated inhibitors is rule lessly, and the inhibition efficiency is misrelated to the changes of the E LUMO ( Table 5 ). The HOMO-LUMO energy gap, ∆E approach, which is an important stability index, is applied to develop theoretical models for explaining the structure and conformation barriers in many molecular systems. The smaller is the value of ∆E, the more is the probable inhibition efficiency that the compound has. [40] [41] [42] The dipole moment µ, electric field, was used to discuss and rationalize the structure. 43 It was shown from Table 5 that atenolol molecule has the smallest HOMO-LUMO gap compared with the other molecules. Accordingly, it could be expected that atenolol molecule has more inclination to adsorb on the metal surface than the other molecules. The higher is the value of µ, the more is the probable inhibition efficiency that the compound has. The calculations showed that the highest value of µ is assigned for the atenolol which has the highest inhibition efficiency. Absolute hardness h and softness σ are important properties to measure the molecular stability and reac- Fig. 9 . The optimized molecular structures, HOMO, LUMO and Mulliken atomic charges of the inhibitor molecules using PM3. tivity. A hard molecule has a large energy gap and a soft molecule has a small energy gap. Soft molecules are more reactive than hard ones because they could easily offer electrons to an acceptor. For the simplest transfer of electrons, adsorption could occur at the part of the molecule where σ, which is a local property, has the highest value.
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In a corrosion system, the inhibitor acts as a Lewis base while the metal acts as a Lewis acid. Bulk metals are soft acids and thus soft base inhibitors are most effective for acidic corrosion of those metals. Accordingly, it is concluded that inhibitor with the highest σ value has the highest inhibition efficiency (Table 5 ) which is in a good agreement with the experimental data. This is also confirmed from the calculated inhibition efficiencies of molecules as a function of the inhibitor chemical potential, Pi, and the fraction of charge transfer, ∆N to the metal surface. The relatively good agreement of Pi and ∆N with the inhibition efficiency could be related to the fact that any factor causing an increase in chemical potential would enhance the electronic releasing power of inhibitor molecule (Table 5) .
It was noteworthy that the presence of an electron donating substituent such as -OCH 3 group is more favored thanCl or -COOH group to increase the inhibition efficiency of the inhibitor. The use of Mulliken population analysis to estimate the adsorption centers of inhibitors has been widely reported and it is mostly used for the calculation of the charge distribution over the whole skeleton of the molecule.
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There is a general consensus by several authors that the more negatively charged heteroatom is, the more is its ability to adsorb on the metal surface through a donor-acceptor type reaction. [46] [47] [48] Variation in the inhibition efficiency of the inhibitors depends on the presence of electronegative O-and N-atoms as substituents in their molecular structure. The calculated Milliken charges of selected atoms are presented in Fig. 9 .
CONCLUSIONS
β-blocker drugs show good corrosion inhibition property against aluminum corrosion in acidic media. Inhibition efficiencies are related to concentration, temperature and chemical structure of the β-blockers. Results of polarization showed that these β-blockers are cathodic inhibitors. Adsorption of these β-blockers on aluminum surface obeys Frumkin adsorption isotherm. The results obtained from weight loss, polarization curves and impedance methods are in good agreement.
